Selection of a starter culture with excellent viability and metabolic activity is important for inoculated fermentation of traditional food. To obtain a suitable starter culture for making Chinese sesame-flavored liquor, the yeast and bacterium community structures were investigated during spontaneous and solid-state fermentations of this type of liquor. Five dominant species in spontaneous fermentation were identified: Saccharomyces cerevisiae, Pichia membranaefaciens, Issatchenkia orientalis, Bacillus licheniformis, and Bacillus amyloliquefaciens. The metabolic activity of each species in mixed and inoculated fermentations of liquor was investigated in 14 different cocultures that used different combinations of these species. The relationships between the microbial species and volatile metabolites were analyzed by partial least-squares (PLS) regression analysis. We found that S. cerevisiae was positively correlated to nonanal, and B. licheniformis was positively associated with 2,3-butanediol, isobutyric acid, guaiacol, and 4-vinyl guaiacol, while I. orientalis was positively correlated to butyric acid, isovaleric acid, hexanoic acid, and 2,3-butanediol. These three species are excellent flavor producers for Chinese liquor. Although P. membranaefaciens and B. amyloliquefaciens were not efficient flavor producers, the addition of them alleviated competition among the other three species and altered their growth rates and flavor production. As a result, the coculture of all five dominant species produced the largest amount of flavor compounds. The result indicates that flavor producers and microbial interaction regulators are important for inoculated fermentation of Chinese sesame-flavored liquor.
T raditional fermented foods include typical products prepared by spontaneous fermentation (1, 2) . However, reliance on the "nature" of spontaneous fermentation makes the quality of these products neither predictable nor controllable (3) . Therefore, to optimize and control the food characteristics, most inoculated fermentations are developed by using pure cultures as starter inoculums. For example, wine fermentation is typically inoculated with selected indigenous yeasts as starters, and this approach yields homogeneous, high-quality products (2) .
Knowledge of indigenous yeasts in spontaneous fermentation and selection of suitable strains are the basic requirements for the inoculated fermentation process (2) . Isolation of indigenous species and study of their physiological and metabolic properties form a classical method to select strains for starter cultures (4-7). However, because most traditional fermented foods exhibit a wide range of characteristics, a mixed culture is often a better choice as a starter culture to enhance the qualities of the product (3, 8) . In mixed-culture fermentations, the microbial interactions influence the growth and fermentative behavior of all of the microbes, thereby influencing the microbial community structures and functions (9) (10) (11) (12) . For example, Saccharomyces and non-Saccharomyces yeasts appear to interact in mixed fermentations of wine, and some enological traits of the non-Saccharomyces yeasts can be modulated by Saccharomyces cerevisiae (13) (14) (15) (16) . Therefore, the metabolic activity of microbial species in mixed culture can be different from that in pure culture. It is important to reveal microbial interactions and the microbial metabolic activity in the designed mixed-culture fermentation for the purpose of selecting suitable starters for inoculated and mixed-culture fermentations.
Chinese sesame-flavored liquor is one of the most popular distilled liquors in China (17) . It is famous for its roasted sesame aroma and is also characterized by the solid-state and spontaneous fermentation process. Its production technique is similar to that used to produce a liquor of the strong aroma style (18) but with the additional stage of stacking fermentation. Before fermentation in the pits, newly steamed grains are mixed with Daqu (the starter), stacked in the ground, and fermented for 24 to 40 h. This stage is derived from the production technique used for soy sauce aroma-style liquor (7) . The fermentation process accumulates a specific and complex community of microorganisms, including fungi, yeasts, and bacteria. Fungal species produce amylolytic enzymes to degrade the starch in the raw material to fermentable sugars (17, 18) . These then become substrates for alcoholic fermentation and flavor production by yeasts and bacteria. Lactic acid bacteria mainly produce lactic acid, which becomes the substrate for esterification of yeasts (19) . The fermentation process has previously been shown to be mainly dominated by Bacillus coupled with variable levels of yeast species, such as S. cerevisiae and non-Saccharomyces species. Of this native microflora, the yeasts and bacteria play an essential role in liquor making because they are responsible for the alcoholic fermentation and also for the synthesis of other minor metabolites that determine the aroma and other sensorial properties (7, 20) .
Chinese sesame-flavored liquor is an example of a spontaneous fermentation food associated with various microbial species that exhibit different metabolic patterns. Due to the reliance on the "nature" of the fermentation process, the product quality is influenced by climate, location, and the temperature of the environment. This is not always the most efficient fermentation process because the microbial community tends to vary with the environment. In addition, harmful species, such as Staphylococcus or Streptomyces, may contaminate the spontaneous fermentation process and lead to unsuccessful fermentation. Therefore, it is necessary to move from spontaneous fermentation to inoculated fermentation on the basis of a comprehensive understanding of the metabolic activity of the useful microbes responsible for liquor flavor. At present, starter selection for Chinese liquor is mainly based on the metabolic characteristics of the pure cultures of these species (7, 18) . The interaction of these species in mixed fermentation has not been explored in detail, and, similarly, the microbial metabolic activity of species in mixed fermentation is little known. Addressing these deficiencies should aid the development of inoculated fermentation for Chinese liquor.
The present study aimed to develop a method for selection of metabolically active yeasts and bacteria species that can direct the fermentation processes to produce high-quality liquor. We selected species that were dominant during the fermentation process, because the dominant species tend to have excellent viability and play important roles in liquor fermentation. Then we implemented mixed fermentations by different combinations of these dominant species, and the volatile compound fingerprinting of them was analyzed by mathematical analysis. The ultimate aim of this work will be to predict which strains have significant effects on sesame-flavored liquor fermentation and to aid the development of large-scale and controllable production of Chinese liquor without the loss of unique flavors and particular characteristics.
MATERIALS AND METHODS
Sampling. Sampling of fermented grains was carried out at a factory in Jiangsu Province, China, where sesame-flavored liquor was produced. Samples were taken from the stacking and liquor fermentation stages. The pit was a cube-shaped underground cellar (about 2.6 by 2.4 by 2.9 m). Samples of fermented grains were collected from the upper layer (center of the pit, 0.2 m deep) in liquor fermentation at 5-day intervals during the 30-day fermentation process.
Enumeration, isolation, and identification of yeasts and bacteria. Each sample (10 g) was mixed with 90 ml of sterile saline (0.85% NaCl) and soaked at 4°C for 30 min. Yeast enumeration and isolation were carried out on Wallerstein laboratory nutrient (WLN) medium as previously reported (21) , which has been used in soy sauce-style liquor, another type of Chinese liquor (19) . According to the macroscopic features (texture, surface, margin, elevation, and color), colonies of different types on the WLN medium were counted separately. From 10 up to 25 colonies of each representative type were picked and restreaked to obtain the pure clones. Yeast species were first identified by PCR-restriction fragment length polymorphism (RFLP) analysis, and then 1 to 7 randomly selected isolates per distinct restriction pattern were obtained for confirmation by 26S ribosomal DNA (rDNA) sequence analysis (19) .
Bacterial enumeration and isolation were carried out on nutrient agar medium (0.5% beef extract, 1% peptone, 0.5% NaCl, 2% agar). Cultures were incubated at 37°C for 24 h. According to the macroscopic properties (texture, surface, margin, elevation, and color), colonies of different types on the medium were counted separately. Bacillus with apparent different colony properties accounted for most of the bacterial population. From 10 up to 25 colonies of each representative type were picked and restreaked to obtain the pure clones. To identify the bacterial species, the genomic DNA was extracted using a phenol-chloroform method (22) and used as a template to amplify the 16S rDNA by using the primers 27F and 1492R (23) . The PCR products were subjected to BLAST analysis.
Mixed-culture fermentations. The fermentation medium was prepared with sorghum, the material for liquor fermentation. Eight hundred grams of sorghum was added to 1.0 liter of deionized water, steamed for 2 h, and then kept at 60°C for 4 h for saccharification with the addition of glucoamylase at a final concentration of 50 U/g. The original total reducing sugar in the extract was about 90 g/kg. This medium was sealed in 2-liter beakers and autoclaved at 121°C for 15 min. A loopful of yeast and bacterial cultures was inoculated in 250-ml Erlenmeyer flasks with 50 ml of sorghum extract, respectively, which was prepared as previously reported (7). Fermentations were conducted at 150 rpm and 30°C for 48 h. Yeast cell number was determined with a hemacytometer. Bacteria cell number was determined by using a Helber counting chamber (Z30000; Helber, Hawksley, United Kingdom) viewed under a microscope (BX51; Olympus) operated in phase-contrast mode at ϫ100 magnification. CFU/ml, respectively. These species were then inoculated into solid-state sorghum in beakers for mixed fermentation, with the initial cell density of each species adjusted to 1 ϫ 10 6 CFU/g. The total added liquid was made the same by addition of sorghum extract. All the fermentations were conducted without agitation at 30°C for 30 days. Fermentations were conducted with single components, double combinations, and higher-order combinations. For higher-order combinations, a total of 14 trials of mixed fermentation were conducted: mixed fermentation with five species, four species (with one of the five species absent), three species (with three yeast species or one bacterium and two yeast species), and two species (with B. licheniformis and S. cerevisiae). A noninoculated sample of fermentation medium was prepared as the control. All experiments were performed in triplicate.
Enumeration of cell numbers of different species at the end of solidstate fermentation was performed as follows. Each sample (10 g) was mixed with 90 ml of sterile saline (0.85% NaCl) and soaked at 4°C for 30 min. Yeast enumeration was carried out on WLN medium. Cultures were incubated at 30°C for 4 days. Bacterial enumeration and isolation were carried out on nutrient agar medium. Cultures were incubated at 37°C for 24 h. According to the macroscopic properties, colonies of different species on the medium were counted separately.
Volatile compound analysis. The fermented grain (5 g) was mixed with 20 ml of sterile saline (0.85% NaCl, 1% CaCl 2 ) and soaked overnight. After ultrasonic treatment for 30 min, the mixture was centrifuged at 8,000 ϫ g at 4°C for 10 min. The supernatant was filtered through a 0.22-m-pore filter and stored at Ϫ20°C until analysis.
Volatile compounds in fermented sorghums were assayed by headspace solid-phase microextraction coupled with gas chromatography-mass spectrometry (HS-SPME-GC-MS). A divinylbenzene-carboxen-poly(dimethylsiloxane) (DVB/CAR/PDMS)-coated fiber (50/30 m coating; Supelco, Bellefonte, PA) was used for volatile compound extraction. Eight milliliters of the obtained supernatant, the internal standard (4-methyl-2-pentanol; final concentration, 54.50 g/liter), and 3 g of sodium chloride were combined in a 20-ml vial, and the vial was hermetically sealed with a polytetrafluoroethylene (PTFE)-faced silicone septum. This sample was equilibrated at 50°C for 5 min and extracted for 45 min at the same temperature with stirring in a multipurpose sampler with SPME capability (MPS 2; Gerstel, Mülheim, Germany). After extraction, the DVB/CAR/PDMScoated fiber was inserted into the injection port of the gas chromatograph set at 250°C and left for 5 min to desorb the analytes. All analyses were carried out in triplicate.
Statistical analysis. SPSS 19.0 software (IBM, Armonk, NY) was used for cluster analysis of flavor compounds produced by different mixedculture fermentations. A one-way analysis of variance (ANOVA) test (SPSS 19.0) was applied to select flavor metabolites that were significantly different (P Յ 0.05) in different mixed cultures. To establish the relation-ship between the significantly different flavor metabolites and microbial variables, partial least-squares (PLS) regression (SIMCA-P-11.5) was used. The predictive power of the model was assessed by cross-validation and the Q 2 value (goodness of prediction); only the variance of volatile compounds with a Q 2 value of Ͼ20% could be explained by microbial species. The native functions of the software were used for statistical analysis. portant role in the fermentation process for Chinese Maotai-flavored liquor (20) . It may also be an important species in the fermentation of sesame-flavored liquor. A total of 145 colonies of yeasts were isolated in stacking and liquor fermentation stages. They were divided into five types with the use of WLN medium (see Fig. S2 in the supplemental material) and PCR-RFLP analysis of the 5.8S internal transcribed spacer (ITS) rDNA region and were assigned to the species S. cerevisiae, I. orientalis, P. membranaefaciens, Rhodotorula mucilaginosa, and Pichia anomala.
RESULTS

Identification of dominant species during fermentation of
In liquor fermentation, the total yeast population decreased, and no yeast was detected after 15 days. The low oxygen supply and the acids produced in the fermented grains in the sealed pit are probably responsible for yeast death in the later stages of liquor fermentation (19) . Only three yeast species-I. orientalis, S. cerevisiae, and P. membranaefaciens-were detected at 15 days: about 66.7% of the total yeast count was S. cerevisiae, 16.7% was P. membranaefaciens, and 16.7% was I. orientalis (Fig. 1C, D, and E) .
The dominant species in spontaneous fermentation have excellent viability in liquor fermentation and have the potential to play important roles in liquor fermentation, such as producing flavor compounds. Species with low population densities have an accordingly low potential for use in fermentation. Therefore, the five dominant species and their metabolic activities are highlighted in our investigation.
Interactions between the different dominant species. Microbial interaction between different species would influence growth and hence influence whole microbial community structures and their metabolic activities. Therefore, to reveal the interactions among the five different dominant species (B. licheniformis, B. amyloliquefaciens, S. cerevisiae, I. orientalis, and P. membranaefaciens), fermentations with single and double combinations were conducted. The growth of each species is shown in Fig. 2 . Bacillus licheniformis and B. amyloliquefaciens competed with each other, and both their populations decreased by nearly 50% when they were cocultured. In addition, they were significantly inhibited by S. cerevisiae, I. orientalis, and P. membranaefaciens, and both of their populations decreased to less than 35.0% compared with those in the single fermentations, respectively ( Fig. 2A and B) .
Saccharomyces cerevisiae and I. orientalis were not significantly inhibited by bacteria. However, P. membranaefaciens was significantly inhibited, and its population decreased from 116.2 ϫ 10 6 to 52.5 ϫ 10 6 CFU/g and to 85.4 ϫ 10 6 CFU/g when it was cocultured with B. licheniformis and B. amyloliquefaciens, respectively (Fig.  2C, D , and E).
Competition between three yeast species also existed. Saccharomyces cerevisiae decreased from 44.0 ϫ 10 6 to 28.5 ϫ 10 6 CFU/g, and I. orientalis decreased from 366.2 ϫ 10 6 to 204.0 ϫ 10 6 CFU/g when they were mixed. However, they were both less sensitive to P. membranaefaciens. In addition, P. membranaefaciens was not influenced by S. cerevisiae but was significantly inhibited by I. orientalis (Fig. 2C, D, and E) .
Differential profiling of higher-order mixed-culture fermentations. Based on the interactions among the five species, we investigated the metabolic activities of the five species in liquor fermentation in depth, using fermentations with higher-order combinations. A total of 14 mixed-culture fermentations were performed, and the population of each species was determined at the end of fermentation. The initial inoculation concentration of each species was 1.0 ϫ 10 6 CFU/g. After fermentation for 30 days, nearly all of the inoculated species had propagated in different mixed cultures. As shown in Fig. 3A , the population of B. licheniformis decreased from 31.6 ϫ 10 6 (trial 9) to 3.8 ϫ 10 6 (trial 3) CFU/g and from 44.7 ϫ 10 6 (trial 10) to 14.5 ϫ 10 6 (trial 4) CFU/g when it was inoculated with B. amyloliquefaciens. As shown in Fig. 3B , growth of B. amyloliquefaciens was the weakest among all the inoculated species in each mixed-fermentation trial. Its count decreased from 9.1 ϫ 10 6 (trial 12) to 1.3 ϫ 10 6 CFU/g (trial 3), from 18.2 ϫ 10 6 (trial 13) to 4.7 ϫ 10 6 CFU/g (trial 4), and from 8.3 ϫ 10 6 (trial 11) to 1.4 ϫ 10 6 CFU/g (trial 2) when it was cultured with B. licheniformis. This indicates that B. licheniformis and B. amyloliquefaciens competed with each other when cocultured and reflects the similar result when they were used in a double-combination fermentation.
Inhibition of S. cerevisiae against the bacteria also occurred in the higher-order combinations: when S. cerevisiae was inoculated, the population of B. licheniformis decreased from 44.7 ϫ 10 6 (trial 10) to 17.8 ϫ 10 6 (trial 5) CFU/g (Fig. 3A) , and B. amyloliquefaciens decreased from 18.2 ϫ 10 6 (trial 13) to 2.8 ϫ 10 6 (trial 6) CFU/g (Fig. 3B) . However, although S. cerevisiae was slightly inhibited in the double combination with each bacterium, it was strongly inhibited when it was cultured with both species of bacteria. The population of S. cerevisiae in the B. licheniformis-B. amyloliquefaciens-S. cerevisiae-P. membranaefaciens (trial 3) culture was much lower than that in the B. amyloliquefaciens-S. cerevisiae-P. membranaefaciens (trial 12) or B. licheniformis-S. cerevisiae-P. membranaefaciens (trial 9) culture (Fig. 3C) .
Although bacteria showed no significant effect on I. orientalis, I. orientalis inhibited bacterial growth. The growth of both B. licheniformis (compare trials 9 and 5 and compare trials 14 and 8) (Fig. 3A) and B. amyloliquefaciens (compare trials 12 and 6) (Fig.  3B ) decreased when cocultured with I. orientalis.
Pichia membranaefaciens significantly inhibited the growth of B. amyloliquefaciens in the higher-order combination (compare trials 6 and 11) (Fig. 3B) , which was consistent with the result in their double combination. However, it did not inhibit B. licheniformis in the higher-order combination (compare trials 5 and 8) (Fig. 3A) .
Yeasts grew better than bacteria in nearly all the trials. When the three yeast species were cocultured (trials 1 and 7), the growth of S. cerevisiae and P. membranaefaciens was the weakest, indicating they might also compete with each other (Fig. 3C and E) . Issatchenkia orientalis was the most vigorous among the three yeast species, because its growth was less influenced by the other two yeast species (Fig. 3D) .
Another interesting phenomenon was observed, as shown in Fig. 3A and B, where the inhibition of yeast against bacteria weakened in the mixed fermentation of all five species (trial 1); the growth of B. licheniformis and B. amyloliquefaciens remained the same when S. cerevisiae was added to the B. licheniformis-B. amyloliquefaciens-I. orientalis-P. membranaefaciens culture (trial 4). In addition, the competition between the two species of bacteria also weakened in trial 1, because the growth rates of B. licheniformis in trials 5 and 1 were about the same, as was the growth of B. amyloliquefaciens between trials 6 and 1. This indicates that coculture of the five species would coordinate the microbial interactions and weaken the competition among the five species, which would be beneficial for food fermentation.
Differential profiling of different mixed-culture fermentations. The complex interactions among the five species not only would influence microbial growth, but also would influence the metabolic activity of each species in the mixed-culture fermentation. To discriminate the 14 different mixed-culture groups, and to determine which flavor compounds most significantly contributed to the distinction of the groups, the volatile compounds present in each culture after fermentation were detected by GC-MS (see Table S1 in the supplemental material). Hierarchical clustering analysis was performed based on the volatile compounds in different cultures. The tree represented 42 mixed-fermentation samples (14 different mixed fermentations, each with three parallel experiments). Distance was indicative of a uniquely close association of different samples, and the samples appearing close in the tree were those that had a close proximity in the cluster. As shown in Fig. 4A , different cultures were differentially discriminated, and the three parallel samples of each culture were also assigned to the same cluster, except the combination B. licheniformis-S. cerevisiae-I. orientalis-P. membranaefaciens (trial 5), but they were still in the close clusters. The S. cerevisiae-I. orientalis-P. membranae- 
mis-S. cerevisiae-I. orientalis (trial 8) and B. licheniformis-S. cerevisiae-I. orientalis-P. membranaefaciens (trial 5)
, which indicated that P. membranaefaciens had no significant effect on production of flavor compounds. A pair plot of 14 relevant compounds was generated, which was most significant for discriminating the different groups. From this plot, the low or high concentrations of compounds responsible for distinction of the flavor profiles in the 14 different cocultures were identified. As shown in Fig. 4B , most of these metabolites were important flavor compounds in the Chinese liquors (24, 25) , indicating the importance of these species in liquor fermentation. The lower levels of acetoin, guaiacol, phenol, 4-vinyl guaiacol were only discriminated in the mixed-culture fermentation of the combination S. cerevisiae-I. orientalis-P. membranaefaciens (trial 7) without bacterial species. This indicated that these metabolites might be associated with bacteria. The levels of isobutyric acid and isovaleric acid were relatively lower in B. amyloliquefaciens-S. cerevisiae-P. membranaefaciens cultures (trial 12) without I. orientalis and B. licheniformis, which revealed a positive correlation between these acids and I. orientalis or B. licheniformis.
The higher levels of dimethylglyoxal, ethyl hexanoate, 2,3-butanediol, phenethyl butyrate, and 4-vinyl guaiacol were only discriminated in the presence of all five species (B. licheniformis-B. amyloliquefaciens-S. cerevisiae-I. orientalis-P. membranaefaciens; trial 1). It appeared that the mixed fermentation would be beneficial for production of various flavor compounds. An exception was noted for the B. amyloliquefaciens-S. cerevisiae-I. orientalis culture (trial 11), which was related to a higher level of nonanal. This result indicated that nonanal might be associated with one of the component species of this coculture (B. amyloliquefaciens, S. cerevisiae, or I. orientalis), and that P. membranaefaciens or B. licheniformis, which were not added in this coculture, might metabolize this compound.
Metabolic activity of different species in mixed fermentation. To identify the in situ metabolic activity of five dominant species in mixed-culture fermentation and their contribution to flavor compounds, covariation between metabolic profiling and microbial species was analyzed by using PLS regression. The predictive power of the model was assessed by cross-validation and the Q 2 value. Only the variance of volatile compounds with a Q 2 value of Ͼ20% could be explained by microbial species. Nine flavor compounds could be predicted to have significant difference among the 14 different cultures (Table 1) . Bacillus amyloliquefaciens was positively associated with only 4-vinyl guaiacol, while P. membranaefaciens was only negatively associated with isoamyl alcohol, indicating it was unfavorable for isoamyl alcohol production. This confirmed the result in Fig. 4A that B. amyloliquefaciens and P. membranaefaciens made little contribution to flavor production. Saccharomyces cerevisiae was positively correlated with nonanal and negatively associated with 2,3-butanediol, indicating it was beneficial for nonanal production, which is consistent with the behavior of wine yeasts (26) . In addition, S. cerevisiae might metabolize 2,3-butanediol and decrease its concentration.
Positive correlations between I. orientalis and four flavor compounds (butyric acid, isovaleric acid, hexanoic acid, and 2,3-butanediol) indicate that I. orientalis produces these volatile acids in mixed fermentation. Bacillus licheniformis was positively associated with 2,3-butanediol, isobutyric acid, guaiacol, and 4-vinyl guaiacol, and this result is consistent with the behavior of this species in Maotai-flavored liquor fermentation (20) . Such consistency in experimental results supports the validity and accuracy of PLS analysis and suggests that mixed fermentation might have little influence on the metabolic activity of B. licheniformis. However, B. licheniformis was negatively associated with nonanal, and this explained why the Bacillus amyloliquefaciens-S. cerevisiae-I. orientalis culture (trial 11) without B. licheniformis was unique for a higher level of nonanal (Fig. 4B) . The negative correlation might be due to metabolism of nonanal by B. licheniformis. Our results suggested that not all the dominant strains in the fermentation process played important roles in developing the flavor of the product. It appears that only B. licheniformis, I. orientalis, and S. cerevisiae are important flavor producers in the fermentation of Chinese sesame-flavored liquor.
DISCUSSION
Traditional fermented foods always exhibit a wide range of features and characteristics, and a mixed culture is often a better choice as a starter culture. In mixed-culture fermentations, the microbial interactions influence the overall microbial growth and fermentative behavior and hence influence the whole microbial community structure and its functions. Therefore, the metabolic activity of microbial species in mixed culture is different from that in pure culture. This underlines the importance of revealing the microbial interactions and the microbial metabolic activity in the designed mixed-culture fermentation for the purpose of selecting suitable starters for inoculated and mixed-culture fermentation.
This work investigated the in situ metabolic activities of different species in mixed fermentation. Only three dominant species showed significant in situ metabolic activity: B. licheniformis, S. cerevisiae, and I. orientalis. In contrast, P. membranaefaciens and B. amyloliquefaciens had little effect on production of flavor compounds, implying that not all the dominant species were flavorproducing active species. The low metabolic activity of the pure culture of P. membranaefaciens has been reported previously in studies of Chinese Maotai-flavored liquor (7) . It indicated that the weak in situ metabolic activity of this species was mainly due to its intrinsic metabolic activity. The metabolic activity of the pure culture of B. amyloliquefaciens was also investigated in our laboratory. It produced a few types of flavor compounds, such as isobutyric acid, hexanoic acid, and guaiacol, and their concentrations were less than those produced by B. licheniformis. In addition, the growth of B. amyloliquefaciens was also the weakest in mixed-culture fermentation. Therefore, the weak in situ metabolic activity of this species might be due to both the weak intrinsic flavor-producing activity and cell growth, which were different from those of P. membranaefaciens.
Issatchenkia orientalis was predicted to produce several acids in mixed fermentation, including butyric acid, isovaleric acid, and hexanoic acid, which was consistent with the report that I. orientalis produced various types of acids regardless of the mixed culture (7). However, it was discovered that I. orientalis could not produce 2,3-butanediol in pure culture fermentation (7) . This suggests that the coculture with other species was beneficial for producing 2,3-butanediol by I. orientalis. Bacillus licheniformis was an important flavor producer in liquor fermentation. It was reported that B. licheniformis produced various flavor compounds, such as 2,3-butanedione, acetoin, and guaiacol, in pure culture fermentation, and the contribution of this species to liquor flavor was noted when it was inoculated in the Maotai-flavored liquor-making process (20) . This confirmed the vigorous growth and metabolic activity of this strain in mixed-culture fermentation. In addition, it also revealed that B. licheniformis was unfavorable for nonanal formation, which might be due to the metabolism of nonanal by B. licheniformis. This should be further investigated.
Microbial interaction also plays an important role in the activity of the whole microbial community. One of the main interaction types between the five species is the inhibition of S. cerevisiae against Bacillus. In our previous work, we found that S. cerevisiae inhibited the growth of B. licheniformis, with their inoculation ratio ranging from 1:1 to 1:10,000. In addition, B. licheniformis was inhibited by the acids and some peptides produced by S. cerevisiae (27) .
Another type of interaction is the inhibition of S. cerevisiae against non-Saccharomyces yeast species. Many researchers have investigated this phenomenon and the mechanism. For example, S. cerevisiae produced certain toxic compounds that inhibited the growth of Hanseniaspora guilliermondii and Hanseniaspora uvarum during mixed fermentations (28) . Kluyveromyces thermotolerans and Torulaspora delbrueckii showed arrested growth due to a cell-cell contact-mediated mechanism in the presence of viable S. cerevisiae cells (29) . In our work, we also found that S. cerevisiae inhibited I. orientalis, while it had no effect on the growth of P. membranaefaciens. The inhibition mechanism should be investigated further. Moreover, the interaction between Saccharomyces and non-Saccharomyces yeasts appears to influence the fermentation behavior of the mixed culture; for example, it appears to enhance the glycerol content (15) , increase the production of polysaccharides, and modulate the final concentrations of acetic acid and volatile compounds, such as ethyl acetate, phenyl-ethyl acetate, 2-phenyl ethanol, and 2-methyl-1-butanol (14, 16) .
Another interaction between the five species was alleviation of the above inhibitions by P. membranaefaciens and B. amyloliquefaciens, which was also important to shape the community structure and function. It was discovered that the amount of flavor compounds in the mixture of the three flavor-producing species (B. licheniformis, S. cerevisiae, and I. orientalis) was not the highest among the 14 mixed-culture fermentations. The coculture of the five dominant species actually produced the highest level of flavor compounds. Given that P. membranaefaciens and B. amyloliquefaciens are essentially inactive in producing flavor compounds, the increased variety and amounts of flavor compounds produced by the five-component mixture was caused by improved activity in flavor production by B. licheniformis, S. cerevisiae, and I. orientalis. This is probably a result of interaction of these species and regulation of microbial function. For example, as shown in Fig. 3A, B . licheniformis showed the weakest growth when cultured with B. licheniformis, S. cerevisiae, and I. orientalis (trial 8). However, when B. amyloliquefaciens was added to the medium, inhibition of B. licheniformis by the yeast was slightly alleviated, and the population of B. licheniformis increased from 15.1 ϫ 10 6 (trial 8) to 20.4 ϫ 10 6 (trial 2) CFU/g. This would likely be beneficial for flavor production by B. licheniformis in the coculture fermentation. This result shows that although some dominant species had little effect on producing flavor, they had some significant function in regulating the microbial community. For example, P. membranaefaciens was reported to produce pectin methylesterase and extracellular proteases (e.g., ␤-1,3-glucanase and chitinase) (30, 31) , which might be useful for influencing the microbial community structure and function. This interaction phenomenon has also been detected among several lactic acid bacteria. For example, Lactobacillus delbrueckii and Lactobacillus plantarum are strongly inhibited when they are cocultured with Streptococcus thermophilus CNRZ1066, respectively. However, when the three species were cocultured together, the inhibitions of Streptococcus thermophilus CNRZ1066 against L. delbrueckii and L. plantarum were alleviated or even disappeared (9) .
It is apparent that dominant fermentation species that are not active as flavor producers are also important for inoculated fermentation of Chinese liquor. While the selection of flavor producers is important, other species must also be chosen as community structure regulators for inoculated fermentation. By these means, the microbial structure and the flavor of the product can be improved. This work proposes an original method for selecting the starter culture for inoculated fermentation and is expected to play an important role in the development of Chinese sesame-flavored liquor production.
